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ABSTRACT
Aims. It has been proposed that the magnetic field, pervasive in the ISM, plays an important role in the process of massive star for-
mation. To better understand the impact of the magnetic field at the pre and proto-stellar stages, high-angular resolution observations
of polarized dust emission toward a large sample of massive dense cores are needed. We aim at revealing any correlation between
the magnetic field orientation and the orientation of the cores and outflows in a sample of protostellar dense cores in the W43-MM1
high-mass star-forming region.
Methods. We used the Atacama Large Millimeter Array in Band 6 (1.3 mm) in full polarization mode to map the polarized emission
from dust grains at a physical scale of ∼2700 au. We used these data to measure the orientation of the magnetic field at the core scale.
Then, we examined the relative orientations of the core-scale magnetic field, of the protostellar outflows, and of the major axis of the
dense cores determined from 2D Gaussian fit in the continuum emission.
Results. We found that the orientation of the dense cores is not random with respect to the magnetic field. Instead, the dense cores
are compatible with being oriented 20-50◦ with respect to the magnetic field. As for the outflows, they could be oriented 50-70◦
with respect to the magnetic field, or randomly oriented with respect to the magnetic field, similar to current results in low-mass
star-forming regions.
Conclusions. The observed alignment of the position angle of the cores with respect to the magnetic field lines shows that the
magnetic field is well coupled with the dense material; however, the 20-50◦ preferential orientation contradicts the predictions of the
magnetically-controlled core-collapse models. The potential correlation of the outflow directions with respect to the magnetic field
suggests that, in some cases, the magnetic field is strong enough to control the angular momentum distribution from the core scale
down to the inner part of the circumstellar disks where outflows are triggered.
Key words. ISM: magnetic fields – ISM: clouds – ISM: jets and outflows – Stars: formation – Submillimeter: ISM – Techniques:
interferometric
1. Introduction
It has been proposed that the magnetic field, pervasive in the
ISM, might play an important role in the dynamical evolution
of star-forming clouds (e.g., Shu et al. 1987; Hennebelle et al.
2011; Commerçon et al. 2011; Crutcher 2012; Planck Collabo-
ration et al. 2016a,b; Matsushita et al. 2018; Beuther et al. 2018).
Large-scale observation (∼1 pc) of the magnetic field revealed a
well-ordered structure in the low-density envelopes of molecu-
lar clouds, suggesting that parsec-scale envelopes are magneti-
cally supported against gravitational collapse (e.g., Franco et al.
2010). Besides their possible role in supporting clouds against
gravity, magnetic fields may also strongly affect the formation
and evolution of substructure within the clouds. Indeed the mag-
netic fields sometimes have a consistent morphology throughout
scales, as reported by the TADPOL survey (Hull et al. 2014) that
compared the orientation of the magnetic field at 20
′′
and 2.5
′′
in
30 low-mass star-forming regions distant of 125 to 2650 pc. At
core scales (∼ 0.1 pc), the magnetically-regulated core-collapse
models presume a dominant role of the magnetic field (Shu et al.
1987; Shu et al. 2004; Galli & Shu 1993a; Tomisaka 1998; Allen
et al. 2003a,b). These models are consistent with a handful of
observations (e.g., Chapman et al. 2013; Qiu et al. 2014), but
due to a small fraction of consistent data, the magnetically dom-
inant core-collapse does not seem to be the predominant mode
of low- or high-mass star formation (Hull & Zhang 2019). At
the circumstellar disk scales, ∼ 200 au, it is predicted that the
magnetic fields have a perpendicular component to the disks,
thus having a leading role for the triggering of outflows (Bland-
ford & Payne 1982a; Camenzind 1990; Konigl & Pudritz 2000;
Shu et al. 2000). No systematic relation, however, has yet been
observed between the magnetic field direction and the outflow
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orientation when these are probed in the low-mass regime at
∼1000 au scales (Hull et al. 2013; Hull & Zhang 2019). Nev-
ertheless, one low-mass study toward 12 Class 0 protostars by
Galametz et al. (2018) showed that at the envelope scale (600-
1500 au) the magnetic field is preferentially oriented either par-
allel or perpendicular to the direction of the outflows.
A few interferometric studies, such as, e.g., Girart et al.
(2009); Beuther et al. (2010); Sridharan et al. (2014), have
probed the high-mass star-forming regime. In particular, Zhang
et al. (2014b) performed multi-scale observations of the mag-
netic field orientation in 14 high-mass star-forming regions.
They showed that the magnetic field at core scales is either per-
pendicular or parallel to the magnetic field orientation at clump
scales. Similar results were also reported by Koch et al. (2014)
toward 50 star-forming regions, and by Ching et al. (2017) to-
ward six massive dense cores located in DR21. One issue in de-
termining the importance of magnetic fields for high-mass star
formation is the lack of consistent analysis, in a large sample
of sources, of the magnetic field morphology with respect to
the density structure and gas dynamics. We collected all this in-
formation in the high-mass star-forming region (HMSFR) W43-
MM1. W43-MM1, at a distance of 5.5 kpc from the Sun (Zhang
et al. 2014a), has been reported as a mini-starburst cluster due
to its high star formation rate of ∼6000 M/Myr (Louvet et al.
2014). W43-MM1 has been observed in polarized dust emis-
sion at 1.3 mm by Cortes & Crutcher (2006) with BIMA. They
reported an ordered polarization pattern at ∼4.5′′ angular res-
olution and derived an on-the-plane of the sky magnetic field
strength of 1.7 mG. Later, Sridharan et al. (2014) observed W43-
MM1 in polarized dust emission at 345 GHz and an angular res-
olution of ∼2.3′′ with the SMA, and reported a pinched morphol-
ogy of the magnetic field with a field strength of ∼6 mG. More
recently, Cortes et al. (2016) conducted the first ALMA high-
angular resolution map at 0.5
′′
of the magnetic fields in W43-
MM1, performed using a single pointing, and also reported an
organized magnetic field morphology with field strengths rang-
ing from 0.2 to 9 mG.
In this article, we present observations of the polarized dust
emission toward W43-MM1 in five pointings with the ALMA
interferometer. We compare the orientation of the plane-of-the-
sky magnetic field with the orientation of the cores and outflows
identified in W43-MM1. Motte et al. (2018) reported that about
130 dense cores were forming stars in this region. From this
sample of cores, 27 are driving 46 outflow lobes, whose orienta-
tions have been traced by Nony et al. (2020) using CO(2-1) and
SiO(5-4) emission lines with ALMA. In Sect. 2 we describe the
observations, calibration and imaging of our data. In Sect. 3, we
calculate the angle differences among the magnetic field, the out-
flows orientations, and the position angle (PA) of the cores; and
build their statistical distributions in the form of cumulative dis-
tribution functions (CDFs) that are further compared with syn-
thetic populations of angle distributions. In Sect. 4 we discuss
the physical implications of our results and Sect. 5 concludes.
2. Observations
We present five pointings with ALMA in full polarization target-
ing the most massive dense cores in W43-MM1, previously iden-
tified by Louvet et al. (2014) based on IRAM/Plateau de Bure
data. The ALMA observations were obtained between April and
May 2016 using an array with 35 antennas. We used the stan-
dard frequency setup for continuum polarization in band 6 (i.e.
4 spectral windows centred at 224.984, 226.984, 239.015, and
241.015 GHz). Each spectral window has 64 channels of 31.250
MHz each, corresponding to a total bandwidth of 1.875 GHz
per spectral window. The maximum recoverable scale is ∼10.6′′ .
The resulting continuum images have an equivalent frequency of
233 GHz (or 1.3 mm) with an angular resolution of 0.55
′′ × 0.49′′
(or ∼2700 au, considering the distance of the target). The cal-
ibration, the imaging, and the analysis were done using ver-
sion 5.1.2. of the Common Astronomical Software Applications
(CASA, McMullin et al. 2007).
To improve the signal-to-noise ratio (SNR) of our images, we
performed a phase self-calibration on each of the five calibrated
datasets. The images were improved iteratively through four
rounds of phase-only self-calibration using the Stokes I image as
a model. The final imaging was performed with the tclean task
from CASA using a Hogbom deconvolver and a Briggs weight-
ing scheme with a robust parameter of 0.5. The StokesU and Q
maps were imaged individually for each of the five fields with the
tclean task using the same parameters as above. After the clean-
ing, a primary beam correction was applied to each map. Table 1
shows the coordinates for each pointing and the rms noise level
for each Stokes parameter. To provide an overview of the region,
we present in Figure 1 a mosaicked Stokes I image1.
The magnetic field maps were computed using the StokesQ
and U intensity maps for each pointing. For this, we created the
linear polarized intensity map, P=
√
Q2 + U2. However, even
when the StokesQ and U maps could have negative values, P
will always be positive. In order to correct for this, we applied
the debiasing method proposed by Vaillancourt (2006), which
employs a Bayesian approach instead of the classical frequen-
tist method, and gives a better estimation of the polarized emis-
sion for low signal-to-noise measurements, . 3σP, where σP is
the rms noise level in the polarization maps. We wielded the
3σP debiased intensity value as a threshold to select the pix-
els used to derive the polarization angle maps, computed as
χ = 0.5 arctan(U/Q). Finally, we assumed alignment of the
grains with respect to the magnetic field due to the ‘Radiative
Alignment Torques’ mechanism (RATs), through which exter-
nal radiation field causes the dust grain to spin-up, contributing
to an efficient alignment between its angular momentum and the
magnetic field line (Lazarian 2007; Hoang & Lazarian 2009; An-
dersson et al. 2015). As a consequence, the aligned grains will
emit thermal radiation that is polarized perpendicular to the mag-
netic field, letting us infer the magnetic field morphology onto
the plane of the sky by rotating the polarization angle by 90◦.
3. Results and analysis
Figure 1 shows the 1.3 mm continuum emission of W43-MM1,
which hosts two clusters of protostars separated by ∼0.9 pc: the
Main region (pointings 1, 2, and 3) and the South-West (SW) re-
gion (pointings 4 and 5). The continuum emission shown here is
very similar to that previously presented by Cortes et al. (2016)
and Motte et al. (2018). The latter identified 131 cores in the two
clusters. Those falling within the one-third area of the primary
beams of our five pointings are superposed over Fig. 1. Figures 2
and 3 display the morphology of the magnetic field in each of the
5 pointings, which were imaged independently. In the Main re-
gion, the large-scale magnetic field (∼1 pc) shows a smooth and
ordered morphology. In the SW region, the information about
the magnetic field orientation is coarser: there are only eight in-
dependent locations where the magnetic field orientation could
be derived. Linking the large-scale morphology of the magnetic
field to its small-scale features goes beyond the scope of this
1 The mosaic was produced with data that were not self-calibrated.
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Fig. 1. The map displays the continuum emission at 1.3 mm of the W43-MM1 HMSFR. Contours start at 3σ with steps of 3σ, where
σ=2.4 mJy/beam. Black circles illustrate 1/3 of the primary beam for each of the 5 pointings, which are further presented in Figs. 2 and 3.
The magenta ellipses indicate the cores presented by Motte et al. (2018).
Table 1. Central coordinates in J2000 and noise values for each pointing. We also show the noise values of the linear polarization maps (σP), that
we used to define the 3σP and 5σP thresholds to plot the polarization vectors for the individual pointings. Since we did not analyze the polarized
emission in the mosaic, we only present its Stokes I noise level. The noise values are in units of mJy/beam.
Pointing RA Dec σI σQ σU σP
1 18:47:47.00 -1:54:26.90 3.42 0.12 0.11 0.12
2 18:47:46.47 -1:54:32.10 2.51 0.11 0.10 0.11
3 18:47:46.51 -1:54:21.00 2.37 0.12 0.11 0.11
4 18:47:44.68 -1:54:40.50 0.47 0.04 0.05 0.05
5 18:47:44.90 -1:54:44.80 0.50 0.05 0.05 0.05
Mosaic - - 2.39 - -
work, and is the subject of a forthcoming publication (Louvet et
al. in prep). We measured the position angle (PA) of the mag-
netic field at the location of the cores identified by Motte et al.
(2018). To ensure reliable linear polarization measurements, and
following ALMA recommendations, we restrained our analysis
to within one-third of the primary beam for each pointing. In
total, 52 cores out of the 130 cores of Motte et al. (2018) fall
into these trusted areas. Of these 52 cores, 29 display polarized
thermal dust emission. We computed the magnetic field orienta-
tion for each core as BF = 0.5 arctan(U/Q) + pi/2 (see Sect. 2),
where Q and U are the mean Stokes Q and U intensities aver-
aged within each core, whose area is defined by a 2D Gaussian
fit of its Stokes I emission. The polarization angle uncertainties
were estimated through error propagation as σχ = 0.5× (σP/P),
where P is the mean polarized intensity within the corresponding
core and σP =
√
(< Q > ×σQ)2 + (< U > ×σU)2/P is the rms of
the linearly polarized emission.
We compare the magnetic field orientation at the scale of the
cores with archival data that provide the orientation of the out-
flows driven by the cores (Nony et al. 2020), and the PA of the
major axis of the cores (Motte et al. 2018). The absolute values
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Fig. 2. Dust polarization semi-vectors (rotated by 90◦ to show the inferred magnetic field orientation) over the continuum emission at 1.3 mm for
pointings 1, 2 and 3 toward W43-MM1. Continuum contours levels are at 3, 5, 10, 50, and 100 σI (σI levels in Table 1). The semi vectors in red and
blue show the magnetic field orientation where the polarized intensity exceeds a noise level of 3σP and 5σP, respectively; see Table 1. The semi-
vectors are plotted every 3 pixels, which correspond to a Nyquist spatial frequency of four vectors per synthesized beam (two in each dimension).
The red and blue cones represent the red-shifted and blue-shifted outflow lobes, respectively. Circles in dashed grey represent 1/3 of the ∼ 24′′
primary beam, within which we performed the analysis. The solid green ellipse shows the synthesized beam of 0.55′′ × 0.49′′, PA = -79.4◦.
of these three sets of angle orientation, together with the relative
orientations among the magnetic field lines at the location of the
cores, the outflow orientations, and the PA of the cores are pre-
sented in Table 2. These differences are represented in the form
of CDFs in Fig. 4 and compared with Monte Carlo simulations
to see whether there is a favored orientation. These simulations
select 100,000 pairs of random 3D vectors with an angle differ-
ence within a given range. These vectors are then projected onto
the plane of the sky to measure their apparent angle difference.
We considered the following five ranges of 3D angle differences:
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Fig. 3. Following Fig. 2: Dust polarization semi-vectors (rotated by 90◦ to show the inferred magnetic field orientation) over the continuum
emission at 1.3 mm for pointings 4 and 5. Continuum contours levels are at 3, 5, 10, 40 σI for (σI levels in Table 1).
0◦ − 20◦ (parallel); 20◦ − 50◦; 50◦ − 70◦; 70◦ − 90◦ (perpendic-
ular), and 0◦ − 90◦(random). To further investigate the distri-
butions’ tendencies, we performed Kolmogorov-Smirnov (KS)
tests between the observed and the simulated populations. The
KS-test is a non-parametric test that quantitatively evaluates the
difference between the cumulative distributions of two data sets.
We chose the KS-test over the chi-squared test as the former is
preferable to compare non-equally sampled data. Thus, we com-
puted the p-value (p) that evaluates if our data and a given syn-
thetic population are drawn from the same parent distribution,
with low values of p corresponding to different populations. Fol-
lowing a conservative rule of thumb, we rejected the hypothesis
that the two populations are drawn from the same distribution
when p< 0.05.
3.1. Comparison of the magnetic field orientation with that of
the core major axis
We compared the PA of the 29 cores falling within the one-third
region of the primary beams of our five pointings with the mean
PA of the magnetic field inside the cores. The CDF of these angle
differences is presented in Fig. 4a, together with the CDFs aris-
ing from the five different synthetic angle simulations. The CDF
of the data clearly shows that the orientation of the cores with
respect to the magnetic field orientation is only reproduced by
the 20-50◦ population. The results of the KS-tests, which com-
pare the observations with the synthetic populations, are reported
in Table 3. Here, we confirm that the magnetic field orientation
with respect to the cores PA in our data is not random: all the
synthetic populations (including the random distribution) except
for the 20-50◦ distribution are rejected by the KS test.
3.2. Comparison of the magnetic-field orientation with that of
the outflows axis
Nony et al. (2020) studied the outflows associated with the cores
of W43-MM1 by observing the 12CO(2-1) and the SiO(5-4)
molecular emission lines with an ALMA plus ACA mosaic at
an angular resolution of ∼0.45′′ (similar to that of the present
study). In total, they reported 46 individual outflow lobes asso-
ciated with 27 cores. On one hand, about one-fourth of these
outflows are monopolar. They could be truly monopolar, as ob-
served in some nearby objects (e.g., HH30, Louvet et al. 2018),
or the emission arising from the companion outflow could be ab-
sorbed by the surrounding medium. On the other hand, most of
the bipolar outflows are not straight, meaning that there is a shift
between the PA of the red-shifted lobe with respect to the PA of
the blue-shifted lobe (see Figs. 2 and 3). The authors suggest that
this could be due to sub-fragmentation within the cores and/or
deflection of the outflows. For this reason, we will consider each
outflow lobe independently2. Eighteen of the 27 cores that have
one or more outflows are detected in polarization. In Table 2,
we report the orientation of the outflows associated with these
18 cores. The orientation of one outflow is defined as the angle
of the line linking the core location (defined as the continuum
peak) and the furthest knot of the outflow (see Nony et al. 2020
for more details about the outflow characteristics).
The CDF of the orientation differences between the magnetic
field and the outflows is presented in Fig. 4b. In Table 3 we show
the results of the KS-tests, which compare the observations with
the synthetic populations. Based on these tests, we can reject the
hypothesis that the outflows are oriented parallel or perpendic-
ular to the magnetic field. Instead, the KS-tests favor either a
2 We also performed the analysis treating bipolar outflows as sin-
gle data points and obtained similar results like the ones presented in
Sect. 3.2 and Sect. 3.3.
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Table 2. PAcore is the cores (major axis) position angle. θblue and θred are the blue and red-shifted outflow position angles, respectively. BF is the
magnetic field orientation at the location of the cores. The five last columns show the angle differences between the orientations given in column
two, three, four, and five.
Core PA1,2,3core θ1red θ
1
blue BF
1,4 |BF − PAcore|5 |BF − θred|5 |BF − θblue|5 |PAcore − θred|5 |PAcore − θblue|5
1 −56 ± 4 32 ± 0.5 71 ± 4 53 ± 4 39 ± 3 88 ± 3
2 −75 ± 8 25 ± 0.9 −165 ± 0.8 −66 ± 4 9 ± 6 89 ± 3 81 ± 3 80 ± 6 90 ± 6
3 57 ± 6 164 ± 0.9 25 ± 0.5 −84 ± 8 39 ± 7 68 ± 6 71 ± 6 73 ± 4 32 ± 4
4 41 ± 6 −140 ± 1 −83 ± 2 56 ± 4 57 ± 2 1 ± 4
7 −88 ± 8 64 ± 1 −115 ± 0.5 28 ± 6 27 ± 6
8 −90 ± 9 99 ± 2 −72 ± 3.0 −65 ± 4 25 ± 7 16 ± 3 7 ± 4 9 ± 7 18 ± 7
9 80 ± 11 37 ± 0.5 −146 ± 1.0 70 ± 7 10 ± 9 33 ± 5 36 ± 5 43 ± 8 46 ± 8
10 −54 ± 12 −156 ± 0.5 −40 ± 3 14 ± 9 64 ± 2 78 ± 8
11 −89 ± 13 83 ± 4 −116 ± 0.5 −55 ± 9 34 ± 11 42 ± 7 61 ± 6 8 ± 10 27 ± 9
12 76 ± 9 68 ± 0.5 −88 ± 3 16 ± 7 24 ± 2 8 ± 6
13 −87 ± 31 −142 ± 3 41 ± 4.0 −82 ± 2 5 ± 21 60 ± 3 57 ± 3 55 ± 21 52 ± 22
14 73 ± 31 104 ± 0.5 −60 ± 2 47 ± 21 16 ± 1 31 ± 21
15 −88 ± 12 −115 ± 0.5 62 ± 2.0 −53 ± 6 35 ± 9 62 ± 4 65 ± 4 27 ± 8 30 ± 9
16 −20 ± 12 −123 ± 1 20 ± 0.5 −56 ± 2 36 ± 9 67 ± 2 76 ± 1 77 ± 8 40 ± 8
17 72 ± 34 74 ± 3 2 ± 23
18 −72 ± 5 −65 ± 0.5 81 ± 8 27 ± 7 34 ± 6 7 ± 4
19 85 ± 17 −158 ± 1 17 ± 4.0 63 ± 12 68 ± 12
22a −84 ± 23 69 ± 2 −125 ± 0.5 27 ± 16 41 ± 16
22b −84 ± 23 142 ± 0.5 46 ± 16
23 −77 ± 25 −68 ± 1.0 87 ± 7 16 ± 18 25 ± 5 9 ± 17
26 −67 ± 16 −139 ± 0.5 41 ± 0.5 −23 ± 8 44 ± 13 64 ± 6 64 ± 6 72 ± 11 72 ± 11
27 72 ± 41 37 ± 2 35 ± 28
28 65 ± 11 89 ± 8 24 ± 10
29 −58 ± 17 −12 ± 1.0 46 ± 12
31 40 ± 22 101 ± 1 −73 ± 1.0 61 ± 15 67 ± 15
33 33 ± 24 −70 ± 9 77 ± 18
36 26 ± 16 −75 ± 0.6 105 ± 2.0 79 ± 11 79 ± 11
39 86 ± 27 43 ± 4 −120 ± 0.9 43 ± 19 26 ± 19
40 −79 ± 23 84 ± 7 17 ± 17
41 −40 ± 32 12 ± 7 52 ± 23
44 −66 ± 19 −126 ± 0.5 −63 ± 9 3 ± 15 63 ± 6 60 ± 13
47 −96 ± 30 −59 ± 3 37 ± 21
48 46 ± 26
49 86 ± 17 −45 ± 0.5 150 ± 0.5 49 ± 12 64 ± 12
54 81 ± 12 −79 ± 7 20 ± 10
59 −14 ± 33 119 ± 0.5 −65 ± 0.5 −29 ± 9 15 ± 24 32 ± 6 36 ± 6 47 ± 23 51 ± 23
60 81 ± 28
67 40 ± 16 12 ± 1.5 −174 ± 0.5 28 ± 11 34 ± 11
73 81 ± 25 11 ± 8 70 ± 18
80 70 ± 23
96 −62 ± 21 14 ± 5 76 ± 15
117 −83 ± 12
126 −81 ± 14 3 ± 8 84 ± 11
Notes. 1: All the angles are measured counterclockwise from north.
2: The PAs (major axis) come from the GETSOURCES catalogue and complete Table 1 of Motte et al. (2018).
3: To account for the ellipticity of cores, the error of the PA is computed as 180◦ × (1 − e) × (ln[Fcore/σ f ])−2 where e is the ellipticity of the core,
σ f the uncertainty on the flux measurement, and Fcore the integrated flux of the core (S. Mensh’chikov, private communication).
4: The magnetic field PA indicates the mean magnetic field orientation inside the cores (see Sect. 3 for details).
5: The uncertainty for the angle difference (col. 6, 7, 8, 9, and 10) is σ= arctan

√
sin δ 2 + sin φ 2
cos δ 2 + cos φ 2
, where δ and φ correspond to the errors
associated with the measurement uncertainties (col. 2, 3, 4, and 5).
random orientation of the outflows with respect to the magnetic
field lines or that the outflows are oriented 50-70◦ with respect
to the magnetic field lines.
3.3. Comparison of the orientation of the outflows with that of
the core major axis
The comparison between the PA of the outflows and the PA of
the cores is presented in the CDF in Fig. 4c. Based on visual
inspection, the observational CDF seems to be consistent with
the random synthetic population, suggesting that there is no spe-
cific orientation of the outflows with respect to the elongation of
the cores. However, when comparing the observations with the
synthetic populations through the KS tests, while the random
population obtains the highest statistical weight with p ∼0.5, the
50-70◦ population cannot be discarded (p∼0.2).
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Fig. 4. Cumulative distribution function (CDF, black points) of the angle difference between the magnetic field orientation and the PA of the cores
(4a), the magnetic field and the outflows (4b), and the outflows and the PA of the cores (4c) in W43-MM1. The black histogram shows the CDF
with 5◦ bin-widths. The brown bars show the errors on the CDF for each bin. Curves in color are the CDFs resulting from Monte Carlo simulations
of different 3D angles projected onto the plane of the sky. The different intervals of angles considered for the synthetic populations are indicated
on the bottom right of the plots.
4. Discussion
Our observations recover an ordered magnetic field pattern in the
Main protocluster of the W43-MM1 HMSFR (see Fig. 2), plus
a few detections in its SW protocluster (see Fig. 3). This is in
perfect agreement with previous observations of polarized dust
emission toward the W43-MM1 HMSFR (Cortes & Crutcher
2006; Sridharan et al. 2014; Cortes et al. 2016). In the follow-
ing subsections, we discuss the direction of the magnetic field
compared to the orientation of the cores and outflows.
4.1. On the alignment of the cores with respect to the
magnetic field
Magnetic fields may contribute to support clouds against gravity,
thus indirectly affecting the evolution of individual cores. Fur-
thermore, magnetic fields could also directly affect the evolution
of cores. In the so-called magnetically regulated core-collapse
models (e.g., Galli & Shu 1993a,b; Allen et al. 2003a,b) mag-
netic fields are dynamically important and dominate the dynam-
ics of the core-collapse by deflecting the infalling gas toward the
equatorial plane to form a flattened structure, known as pseu-
dodisk, around the central protostar. The pseudodisks are not
supported by rotation but by magnetic pressure and they de-
velop orthogonally to the magnetic field direction. They have
sizes of a few thousands of au, on the order of the angular
scales probed in the present study. Therefore, if magnetically
regulated core-collapse were at work, one would expect to ob-
serve flattened central regions – the pseudodisks – (generically
called cores in the present study), oriented perpendicular to the
magnetic field lines. The very few existing observational stud-
ies, that did report such behavior, had very limited samples:
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Table 3. Kolmogorov-Smirnov tests for the observed and simulated angle distributions.
Test case Synthetic population KS p-value Sample size
0-20◦ 7× 10−8
20-50◦ 0.76
B-field vs. Cores PA 50-70◦ 6× 10−3 29
70-90◦ 6× 10−6
Random 4× 10−2
0-20◦ 2× 10−100
20-50◦ 8× 10−6
B-field vs. Outflows 50-70◦ 0.51 28
70-90◦ 1× 10−2
Random 0.16
0-20◦ 1× 10−15
20-50◦ 1× 10−3
Cores PA vs. Outflows 50-70◦ 0.16 46
70-90◦ 1× 10−3
Random 0.53
Davidson et al. (2011) studied 350 µm polarization observations
taken at the CSO toward three low-mass Class 0 protostars, and
reported a magnetic field orientation in loose agreement with
the magnetically-controlled core-collapse predictions; Chapman
et al. (2013) found the magnetic field orientation to be perpen-
dicular to the pseudodisks in four low-mass cores, using 350 µm
polarization observations taken at the CSO; Qiu et al. (2014) re-
ported a similar result toward the G240.31+0.07 high-mass core
using the SMA at 0.88 mm. In contrast, our results, obtained with
a sample of 29 cores, are not consistent with the prediction of the
magnetically-regulated core-collapse models. Instead, as shown
in Fig. 4a, the major axes of the cores are not preferentially ori-
ented orthogonal to the magnetic field, but rather tend to be ori-
ented 20-50◦ with respect to the field. Having a non-random ori-
entation of the cores with respect to the magnetic field orienta-
tion demonstrates that the magnetic field and the dense material
are well coupled.
It is interesting to point out that ideal MHD simulations of
gravitational collapse of cores have shown that such configura-
tions, where the rotation axis of the core is not parallel to the
magnetic field direction, reduce the magnetic braking and fa-
vor the formation of circumstellar disks (e.g., Joos et al. 2012).
More specifically, recent non-ideal MHD simulations reported
that such configurations would engender warped disks, implying
that the PA of the pseudo-disks would differ from the PA of the
inner-disks (see, e.g., the Fig. 3-middle row of Tsukamoto et al.
2018).
4.2. On the orientation of the outflows with respect to the
magnetic field
One common feature of the two families of models explaining
the presence of outflows – the disk-wind models (see, e.g., Fer-
reira 1997) and the entrainment models (see e.g., Blandford &
Payne 1982b) – is that they both need the circumstellar disk to
be orthogonal to the magnetic field lines, causing the ejection
of matter along the magnetic field lines. Hence, if the models
are valid, one expects to see alignment between the outflows
and the magnetic field near the disks. Carrasco-González et al.
(2010) first found an alignment between the outflow-lobe associ-
ated to the massive YSO HH 80/81 and the magnetic field in its
jet, inferred from polarized synchrotron emission measured with
the VLA, up to ∼0.5 pc from the driving source. Beuther et al.
(2010) studied the high-mass disk-outflow system IRAS18089-
1732 and found that the magnetic field, measured from CO(3-
2) polarized emission, is aligned with the outflow orientation
from small core scales (∼7000 au) to larger outflow scales of
∼36000 au. Sridharan et al. (2014) also reported alignment be-
tween the magnetic field, measured from dust polarized emis-
sion, and one outflow in W43-MM1 using SMA observations
at an angular resolution of ∼3′′ . However, this interpretation
was disproved by a more recent study using ALMA at ∼0.5 ′′ ,
which revealed that the outflow seen with the SMA toward W34-
MM1 was the sum of 12 outflow lobes with different orientations
(Nony et al. 2020). Also, Zhang et al. (2014b) studied a sample
of 14 clumps located in different regions where they could com-
pare the orientation of the magnetic field lines with respect to
the axes of the outflows. While they refrained from interpreting
the detailed structure of the obtained distribution, they reported
no strong correlation between the outflow and the magnetic field
orientations. The lack of alignment between outflows and the
magnetic field is also observed in low-mass star-forming regions
at ∼1000 au scale (see the recent review by Hull & Zhang 2019).
At the envelope scale (∼600-1500 au) Galametz et al. (2018) re-
ported that the magnetic field is preferentially observed either
aligned or perpendicular to the outflow direction when studying
a sample of 12 Class 0 envelopes in nearby clouds. They inter-
pret this bi-modality by considering that the cases that showed
an alignment between the magnetic field and the rotation axis
might be the result of a strong magnetic field. They also attribute
this bi-modality to the fact that most of the cores with a magnetic
field perpendicular to the outflows are binaries.
In this work, based on a sample of 28 outflow lobes, we find
two configurations compatible with the observational CDF of the
angle difference between the outflows orientation and the mag-
netic field orientation (see Sect. 4.2):
(i) The outflows could be randomly oriented to the magnetic
field lines, in line with the observations toward low-mass star-
forming regions (Hull & Zhang 2019). Assuming that the models
for outflow launching are accurate, where gas from the accretion
disk should be ejected along magnetic field lines, this finding
would imply that most of our (high-mass) proto-stars form in an
environment where the magnetic field is too weak to maintain a
consistent orientation from the ∼2700 au scales that we are prob-
ing, down to the 0.1-10 au scales where outflows are launched
(Louvet et al. 2018). It would also imply that the orientation of
the disks is not controlled by the magnetic field, but by another
mechanism provoking angular momentum redistribution such as
interactions in multiple systems, or randomization of the disk
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orientation by accretion during the early phases of protostellar
evolution (Lee et al. 2017).
(ii) The outflows could be oriented 50-70◦ to the magnetic
field lines. It is striking to note that if the elongation of the cores
correspond to the major axes of the underlying disks, and con-
sidering that outflows propagate orthogonally to their hosting
disk, a population of cores being oriented 20-50◦ as reported
in Sect. 4.1 would translate into a population of outflows ori-
ented 40-70◦ with respect to the magnetic field lines, in excellent
agreement with the outflow being preferentially oriented 50-70◦
to the magnetic field. It is this coherent view, arising from inde-
pendent correlations, that we might be witnessing here. Never-
theless, we acknowledge that there is a better match of the CDF
presenting the 20-50◦ angle differences between the PA of the
cores and the magnetic field orientations than the CFD present-
ing the 50-70◦ angle differences between the outflow orienta-
tions and the magnetic field. Such a loss of statistical signifi-
cance is expected if, in some cores, the magnetic field is not
strong enough to govern the angular momentum from the core
scale down to the outflow ejection location at 0.1-10 au.
4.3. On the orientation of the outflows with respect to their
hosting cores
The analysis presented in Sect. 3.3 reported that two configura-
tions are consistent with our data, either the outflows are ran-
domly oriented or oriented 50-70◦ to their hosting cores. We dis-
cuss in turn these two possibilities:
(i) Random orientation of the outflows with respect to their
hosting cores: recent studies of protostellar objects forming low-
mass stars have shown that outflows are usually observed per-
pendicular to their underlying disks at small scales (<200 au, see
e.g., Louvet et al. 2016). Building on the hypothesis that this
also happens for high-mass proto-stars, there are two ways of
interpreting this result. If the core elongations are representa-
tive of the major axes of underlying disks, the random orienta-
tion of the outflows to the cores would indicate that the outflows
get randomly deflected at scales below our angular resolution
(∼2700 au). Such deflections have been observed in a few out-
flows in W43-MM1 at a larger scale by Nony et al. (2020) and,
therefore, could also occur below our resolution. Nevertheless,
it is reasonable to argue that a deflection is more likely to occur
with a small angle and that the statistical impact of deflections
should be minimal. Therefore, deflections are unlikely to result
in a random orientation of the outflows with respect to their host-
ing cores. If outflows are indeed randomly oriented with respect
to the core PA, a more likely explanation is that the elongation
of the cores is not representative of the PA of underlying disks.
In such a case, the angular momentum of the disks is set by pro-
cesses acting at scales smaller than the resolution of our obser-
vations.
(ii) Outflows oriented 50-70◦ to their hosting cores: such a
configuration does not match any expectations from the models
of launching and/or propagation of outflows. In order to come
up with a more physical explanation, we tested bi-modal syn-
thetic populations. The fiducial synthetic distributions of angles
presented in Sect. 3 only contain single populations, meaning
(e.g.) that in our "50◦-70◦" distribution all the angle differences
are between 50◦ and 70◦ in the 3D space. Instead, the bi-modal
synthetic populations have a percentage n% of 3D vector pairs
with angle differences within a certain angle range and the com-
plementary fraction of vector pairs, 1− n%, within another angle
range. We found a good correlation of the observations with a
bi-modal population where 85% of the outflows are randomly
oriented and 15% are orthogonally oriented to their respective
core, in line with the assumption of Sect. 4.2. However, given
the size of our sample, it is statistically not possible to discrimi-
nate between the 50-70◦, a random, or an 85% random plus 15%
orthogonal populations.
5. Conclusions
We report thermal dust polarized emission toward a sample of
dense cores in the high-mass protostellar cluster W43-MM1, at
an angular resolution of ∼0.50′′ (∼ 0.01 pc, or 2700 au), using
ALMA observations in Band 6. We compare the orientation of
the magnetic field with archival data of the orientation of 29
dense cores and 28 outflow lobes in this region.
The major axes of the cores are not randomly oriented with
respect to the magnetic field, showing that the magnetic field is
well coupled to the dense material composing the cores. Instead,
the cores are compatible with an orientation of 20-50◦ with re-
spect to the magnetic field. If confirmed, this result rules out the
magnetically-controlled core-collapse models, in which a flat-
tened envelope (or pseudodisk) is expected to develop orthogo-
nally to the magnetic field lines. The outflows are oriented 50-
70◦ with respect to the magnetic field (i.e. the orientation of the
cores plus 90◦) or randomly oriented. Given our statistics, we
could not discriminate between these two possibilities.
We propose that, in some cases, the magnetic field at core
scale is strong enough to set the orientation of the disk, resulting
in an outflow versus magnetic field orientation coherent with that
of the core versus magnetic field. In other cases, the magnetic
field at the core scale is not strong enough to set the orientation
of the disk. The latter is then controlled by other mechanisms
such as angular momentum redistribution and/or gravitational
interaction in multiple systems, which results in random orienta-
tion of the outflow with respect to the core scale magnetic field
orientation.
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